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Introduction
In excitable cells action potentials are generated by one or two types of Na + channels, whereas a number of different K + channels determines their excitability properties such as threshold potential, duration of action potential, afterpotential, spontaneous firing or bursting activity. K + channels fulfil this function because K + channel subtypes differ in their voltage-dependence of activation and inactivation, their gating kinetics and their modulation by intra-and extracellular factors. Each type of neuron seems to express its own set of K + channels to shape its excitability profile.
In this review we focus on the ether-à-go-go (EAG; Kv10-Kv12) superfamily of voltage-gated K + channels whose members are effective modulators of neuronal excitability. Despite a large amount of information about their function in the brain, reviews of this topic are lacking. The ether-à-go-go (eag) gene encodes a voltage-dependent K + channel in Drosophila melanogaster. It was identified in a mutant that exhibited rhythmic leg shaking under ether anaesthesia reminiscent of a go-go dance (Kaplan & Trout, 1969; Warmke et al. 1991) . Since then eight mammalian EAG channel subtypes have been discovered encoded by the KCNH gene family (Fig. 1A) . Based on sequence similarities, the EAG channel subtypes were assigned to three subfamilies (Warmke & Ganetzky, 1994) with two eag (Kv10), three erg (eag-related gene; Kv11) and three elk (eag-like K + channel; Kv12) channel members. The diversity of EAG channels can be increased further by the formation of heteromeric channels, which is possible within each subfamily (Wimmers et al. 2001; Schonherr et al. 2002; Zou et al. 2003; Lin et al. 2014) , underlining the functional independence and individuality of the three EAG subfamilies.
Predominantly those EAG channel subtypes have attracted attention that are expressed in the heart and in tumour cells. In the heart the current mediated by the erg1 channel ('HERG' , human erg1) has an important role in cardiac action potential repolarization, a topic that has been extensively reviewed (e.g. Sanguinetti & Tristani-Firouzi, 2006; Vandenberg et al. 2012 ). In addition, in a variety of tumour types, erg1 and eag1 channels are aberrantly expressed and their oncogenic potential is associated with increased cell proliferation and malignancy. A number of reviews cover the role of these EAG channel subtypes in cancer (e.g. Arcangeli et al. 2009; Becchetti et al. 2013; Ouadid-Ahidouch et al. 2016) .
Most members of the EAG channel family are predominantly expressed in the nervous system. During the past 15 years a wealth of new data about the function of neuronal EAG channels has been published. The first neuronal EAG current described was the erg current in Purkinje cells of the cerebellum (Sacco et al. 2003) . Since then erg currents have been discovered in neurons from different brain areas. In most neurons erg currents dampen excitability because they are active in the subthreshold potential range and stabilize the resting potential. As yet, native eag and elk currents have not been recorded in neurons because selective blockers of eag and elk channels are not available. Nevertheless, eag and elk knock-out mice exhibit behavioural abnormalities and human eag channel mutations are associated with neurological diseases.
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Properties of heterologously expressed EAG channels
We first describe the biophysical properties of the eight EAG channel members after heterologous expression presuming that they reliably represent their native counterparts. We then summarize structural properties common to all EAG channel members and try to relate them to channel function.
Kv10 (eag1, eag2). eag1 and eag2 channels mediate outward-rectifying K + currents which, on depolarization, reach a steady-state level and do not inactivate (Fig. 1B) . The two channels differ in their voltage dependence, e.g. eag1 channels activate at more positive membrane potentials and exhibit a steeper activation curve than eag2 channels (Fig. 1C) .
Characteristically, the activation kinetics of both eag channels depend on the prepulse potential and external divalent cation concentration (Ludwig et al. 1994 (Ludwig et al. , 2000 Schonherr et al. 2002) . With negative prepulses, eag current activation is delayed and slowed down severalfold (Fig. 1B) , whereas more positive prepulses speed up eag channel activation. The time course of activation is biphasic with a fast and a slowly activating current component. Their ratios critically depend on the prepulse potential: the more negative the preceding potential the higher the contribution of the slow current component (Fig. 1B) . This phenomenon is often referred to as the Cole-Moore effect. In the strict sense, this designation is inappropriate (Hoshi & Armstrong, 2015) , since the original Cole-Moore effect describes a prepulse-dependent delay of activation, where the time course of the actual current increase is essentially independent of the prepulse potential (Cole & Moore, 1960) . Another difference is that the unique prepulse dependence of eag activation kinetics is boosted by extracellular Mg 2+ (Terlau et al. 1996) . eag1 and eag2 channels are strongly inhibited by an increase in the intracellular free Ca 2+ concentration. Channel closure is mediated by Ca 2+ -dependent binding of calmodulin to three discrete sites within the N-and the C-termini of the channels (Schonherr et al. 2000; Lorinczi et al. 2016) and is independent of voltage sensor activation (Whicher & MacKinnon, 2016) . In addition, PIP 2 exerts a tonic inhibitory influence on eag1 via the N-terminal Ca 2+ /calmodulin binding site. Therefore, depletion of PIP 2 in the plasma membrane enhances eag1 channel activity (Han et al. 2016) . Intracellular Ca 2+ and PIP 2 are likely important modulators of native eag channel activity ( Fig. 2A) . In addition, eag1 channels are affected by other (Gutman et al. 2003) . elk3 * corresponds to elk1 in Engeland et al. (1998) . B, schematic drawings of characteristic erg, eag and elk currents elicited with a constant depolarizing pulse preceded by different prepulse potentials (pulse diagram in the middle panel). C, schematic activation curves of the eight EAG channel members according to data obtained by tail current analysis.
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signalling substances such as arachidonic acid, oestrogen or progesterone (Han et al. 2017) . In heteromeric eag channels the slow time course of eag2 activation dominates (Schonherr et al. 2002) .
Kv11 (erg1-erg3). erg channels are inactivating channels and characterized by unusual gating kinetics: in an assumed sequential model of erg channel gating, slow activation and deactivation is connected to fast inactivation and recovery from inactivation (Trudeau et al. 1995; Smith et al. 1996) . These gating kinetics are inverse to those of other voltage-dependent K + channels and transform erg channels functionally into inward-rectifying K + channels. With a moderate depolarization, the current mediated by erg1 channels activates so slowly that a steady state is only reached after several seconds. The erg1 current amplitude at each time is the result of channel activation and subsequent inactivation. Upon larger depolarizations, the steady-state erg current amplitudes become increasingly smaller due to more pronounced inactivation. As a consequence a large transient current occurs upon repolarization due to fast recovery from inactivation and subsequent slow deactivation (Fig. 1B) . This large erg current is of eminent physiological . EAG channel modulation, characteristic window conductances and schematic subunit structures A, physiologically important parameters, strongly affecting the activation curves of EAG channel members. Colours refer to the EAG subfamily where the effect is described in the text (eag, red; erg, blue; elk, green). In slowly activating EAG channel subtypes, increases in test pulse duration (time) and temperature (T,°C) shift the isochronal activation curves to the left until steady-state conditions are achieved. GPCR, activation of G protein-coupled receptors. B, differences in window conductance of the inactivating EAG channels erg1, erg3 and elk2. Steady-state open probability was calculated by multiplying normalized activation and inactivation curves. C, scheme of the membrane topology and characteristic cytoplasmic domains of two opposing EAG channel subunits. Yellow encircled negative charges in S2 and S3 are specific to EAG channels. EAG, conserved N-terminal structure consisting of the PAS (Per-Arnt-Sim) domain and the distal PAS cap. cNBHD, cyclic nucleotide binding homology domain in the C-terminus; the C-linker connects the cNBHD to the transmembrane segment S6. EAG-specific features are described in the text.
Neuronal ether-à-go-go K + channels 773 importance since it determines the duration of the cardiac action potential and ensures fast repolarization. erg2 channels activate even more slowly than erg1, whereas erg3 channels exhibit faster activation and deactivation kinetics and less inactivation, resulting in the weakest inward rectification among the erg channels and a characteristic transient current component upon stronger depolarizations (Fig. 1B) . Compared to the erg1 activation curve (V 1/2 of about −25 mV), the erg2 activation curve is shifted to more positive potentials and that of erg3 to more negative potentials ( Fig. 1C ; Shi et al. 1997) . The voltage sensitivity of channel activation of the three erg channels is similar and considerably higher than that of channel inactivation. The overlap of activation and inactivation defines the functionally important window conductance (Fig. 2B ). erg1 channels exhibit only a small window conductance which peaks at about −20 mV. In comparison, the erg3 window conductance is much larger and spans a broader potential range starting near −70 mV (Fig. 2B ). Heteromeric erg channels are characterized by an intermediate voltage dependence of activation, whereas activation kinetics are dominated by the faster subunit (Wimmers et al. 2002) .
Kv12 (elk1-elk3). elk1 and elk3 channels do not inactivate, whereas elk2 channels do (Engeland et al. 1998; Shi et al. 1998) . Compared to the non-inactivating eag1 channel, elk1 and elk3 channels activate at more negative voltages, exhibit fast prepulse-independent activation kinetics and deactivate much more slowly (Fig. 1B and  C) . In comparison with the inactivating erg channels, elk2 channels exhibit a considerably weaker voltage sensitivity of channel activation and its inactivation curve is shifted to much more depolarized values resulting in a very broad conductance window ( Fig. 2B ; Trudeau et al. 1999; Becchetti et al. 2002) . Steady-state open probability of elk2 channels is maximal near −10 mV and already significant in the physiological range of the K + equilibrium potential, indicating their strong subthreshold activity. In principle, all EAG channels are inhibited by external acidification due to a right shift of the activation curve ( Fig. 2A) . In elk channels, however, the strong pH dependence persists at physiological levels of external Mg 2+ and Ca 2+ (Kazmierczak et al. 2013 ) and can induce pH-dependent changes in elk channel activity.
Structure-function relation of EAG channels. Recently, the structures of the eag1 (Whicher & MacKinnon, 2016) and herg1 channel (Wang & MacKinnon, 2017) have been published. These structures provided new insights into the function of different channel domains and confirmed differences from Shaker-like (Kv1-4) K + channels. Earlier work had already analysed the structures of the cytoplasmic domains of EAG channels (Morais-Cabral & Robertson, 2015) . Additional information about the relationship between structure and function of EAG channels had been obtained from point mutations as well as from deletion and chimera experiments.
Like all voltage-gated K + channels, EAG channels are composed of four subunits, each consisting of six transmembrane segments (S1-S6) which form the voltage sensor domain (VSD; S1-S4) and the pore domain (S5, pore helix, S6) (Fig. 2C) . As compared to classical Shaker-like channels, EAG channels exhibit characteristic differences (Warmke & Ganetzky, 1994) . Their selectivity filter contains the unique EAG signature sequence TVGFGN instead of the Kv-typical sequence TVGYGD. This difference seems to have no influence on the dimensions of the selectivity filter (Wang & MacKinnon, 2017) and thus the K + selectivity of the channels. In Shaker-like channels, the long S4-S5 linker is a helix consisting of about 15 residues. This helix is thought to function as a mechanical lever to transfer movements of the voltage sensor to the activation gate. Each S4-S5 linker runs across the pore domain of a neighbouring subunit, i.e. the voltage sensor domain is 'domain-swapped' (Long et al. 2005) . These classical Kv channels also contain a conserved Pro-X-Pro motif in the S6 helix which induces a kink, dividing S6 into an outer and an inner pore helix. This kink is suggested to enable the inner S6 helix to interact with the S4-S5 linker (Long et al. 2005) . In contrast, EAG channels lack the Pro-X-Pro motif in S6 and the S4-S5 linker is a short non-helical loop consisting of five residues. Its function as a mechanical lever is unlikely since removing the S4-S5 linker produces a still functional voltage-gated channel (Lorinczi et al. 2015) . Since all EAG channels possess this short S4-S5 linker, their voltage sensors are not domain-swapped, i.e. the voltage sensor of each subunit is closely packed against its own pore domain and interacts directly with it (Whicher & MacKinnon, 2016) . The structural differences strongly suggest that the coupling of voltage sensor movements to pore opening and closing is fundamentally different in EAG and Shaker-like channels (Whicher & MacKinnon, 2016) . Similar to the cyclic nucleotide-activated HCN and CNG cation channels, the EAG S2 and S3 transmembrane segments contain additional negative charges which confer a strong sensitivity to extracellular pH changes (Kazmierczak et al. 2013 ) and external divalent cations (Silverman et al. 2000; Zhang et al. 2009 ).
EAG channel subunits exhibit especially long cytoplasmic N-and C-terminal domains, which harbour characteristic EAG channel structures interacting with each other and critically influencing voltage-dependent channel gating (Morais-Cabral & Robertson, 2015) . The conserved EAG domain in the N-terminus consists of the PAS (Per-Arnt-Sim) domain with a terminal cap structure, and the C-terminus contains a cyclic nucleotide-binding homology domain (cNBHD). However, instead of binding J Physiol 596.5 cyclic nucleotides, this cNBHD is occupied by an internal ligand formed by the distal part of the cNBHD itself thereby rendering EAG channels insensitive to cAMP or cGMP (Brelidze et al. 2009 ). The highly conserved EAG domain significantly, but differentially, affects the biophysical properties of EAG channels: removal of the PAS cap or the whole EAG domain slows activation and deactivation kinetics and promotes inactivation of eag1 channels (Terlau et al. 1997; Lorinczi et al. 2016) , but it speeds up activation and especially deactivation and reduces inactivation in erg1 (Alonso-Ron et al. 2008) . This explains the fast deactivation of the N-terminally truncated widely expressed erg1 isoform erg1b (Lees-Miller et al. 1997; London et al. 1997 ) and the primate-specific erg1 isoform KCNH2-3.1 (Huffaker et al. 2009 ). Binding of the PAS domain to the cNBHD might be required for an interaction of the PAS cap with the channel core. The unique sensitivity of eag channel activation kinetics to hyperpolarization is mediated by interaction of the distal EAG domain with S4 and the S4-S5 linker in the closed channel conformation (Terlau et al. 1997; Whicher & MacKinnon, 2016) .
All erg channel members and the elk2 channel exhibit fast and voltage-dependent inactivation. The characteristic rectification at more positive potentials is attributed to C-type inactivation since point mutations in the outer mouth of the pore reduce or virtually eliminate inactivation (Smith et al. 1996; Trudeau et al. 1999) . The mechanism underlying inactivation of HERG channels has been found to be complex (see Vandenberg et al. 2012) with suggested sequential conformational changes in S5, S5P, S4, S4-S5 linker and S6, finally resulting in a concerted all-or-none interaction of the four channel subunits that closes the selectivity filter (Wang et al. 2011; Wu et al. 2014) . The EAG-specific phenylalanine in the signature sequence might be involved in this last step (Whicher & MacKinnon, 2016) . The positive shift in the voltage dependence of inactivation of elk2 compared to erg channels has been ascribed to positive charges within S5P (Clarke et al. 2006) , the characteristic long linker between S5 and the pore helix. Inactivation of erg channels strongly depends on temperature resulting in more pronounced inactivation at room temperature compared to physiological values (Mauerhofer & Bauer, 2016) .
Physiology of EAG channels in the brain
Although the eight EAG channel subtypes exhibit distinct expression patterns in the brain their expression is also considerably overlapping. This finding indicates that several types of EAG channels can be functionally present in one neuron thereby contributing to its excitability profile. The presence of different subunits of one EAG channel subfamily, e.g. erg1 and erg3, allows the formation of heteromeric channels. In addition, the presence of members of different EAG subfamilies allows their modulation by parallel pathways, e.g. one channel type by changes in the intracellular Ca 2+ concentration and another channel type by activation of G-protein-coupled receptors (GPCRs).
Neuronal erg currents. Characteristically, erg channels are inhibited by a broad range of cardiac as well as non-cardiac medications, including antibiotics, antiemetics and antipsychotics (Vandenberg et al. 2012) . Several of these drugs are at risk of inducing cardiac arrhythmia and some of them were therefore removed from the market. Thus, for most non-cardiac substances, an inhibition of erg channels is regarded as an unwanted side effect. The antipsychotic drug haloperidol, for example, acts primarily on D2 dopamine receptors. Even at therapeutic concentrations, haloperidol and other psychoactive drugs can also block erg channels and thereby change neuronal excitability (Sacco et al. 2003) . It is still not known to what degree this effect contributes to the success of antipsychotic treatment. Despite the high affinity of these drugs for erg channels, they are not suited to study erg channel function in the laboratory because they are not selective. In contrast, some antiarrhythmic methanesulfonanilide drugs such as dofetilide, MK-499, E-4031 and WAY-123,398 are known as potent HERG blockers (Sanguinetti et al. 1995; Mitcheson et al. 2000) . However, they do not distinguish between the three erg channels. E-4031, for example, blocks erg2 and erg3 with a similar potency to erg1 channels (Shi et al. 1997) . In the laboratory these substances are extremely useful tools to isolate native erg currents as drug-sensitive current.
What are the reasons for this high affinity and quite selective drug binding to erg channels (for detailed review, see Vandenberg et al. 2012) ? First, the erg channel must be open to allow drugs to enter the central pore of the channel from the cytoplasm. Recently identified hydrophobic pockets extending from the central pore cavity of herg1 may help to accommodate part of the drug molecule (Wang & MacKinnon, 2017) . Several HERG blockers show use dependence of the channel block due to drug trapping by closure of the activation gate. This trapping is also associated with slow reversibility of the channel block. Two aromatic residues of S6 beneath the selectivity filter (Y652 and F656 in HERG) as well as three polar residues at the inner part of the selectivity filter (V625, S624 and T623) have been found to be important for drug binding (Mitcheson et al. 2000) . Shaker-like channels lack these aromatic residues of S6 and, at the corresponding site of the aromatic F656 in HERG, they exhibit the valine or isoleucine (X) of the Pro-X-Pro motif which induces the characteristic kink in S6 that might contribute to their insensitivity to typical HERG blockers. EAG family members share most (all elk channels and eag2) or even all (erg2, erg3 and eag1) of the amino acids critical for
high affinity drug binding to erg1. Nevertheless, high concentrations of E-4031 (10 μM) only marginally affect elk channels (Engeland et al. 1998; Shi et al. 1998) and even eag1 shows a reduced sensitivity to most HERG blockers with up to 100 times higher IC 50 values (Mitcheson et al. 2000; Gessner and Heinemann, 2003) . This quantitative difference in sensitivity is partially explained by the fact that fast inactivation increases the binding affinity of many drugs to herg1 dramatically Ficker et al. 2001; Perrin et al. 2008) , and eag channels are essentially non-inactivating channels. It could also be possible that the exact position of the aromatic amino acids in S6 differs in herg and eag channels and influences drug binding (Chen et al. 2002) . Another factor supporting high affinity binding of drugs wearing a positive charge is the extremely negative electrostatic potential of herg1 due to its small central cavity (Wang & MacKinnon, 2017) . Nevertheless, special care has to be taken in the interpretation of effects of typical erg channel blockers, since these substances also affect eag channels if used in higher concentration. In this context, it should be mentioned that some peptide toxins such as the scorpion toxin BeKm-1 (Korolkova et al. 2001 ) and the sea anemone toxin APETx1 (Diochot et al. 2003) are known to block the three erg channels to a different degree. These toxins bind to the external side of the channel pore. By using these toxins it was recently shown that erg channels of Purkinje cells are presumably heteromers composed of erg1 and erg3 subunits (Niculescu et al. 2013) .
Since native erg currents are relatively small, their isolation from other native currents as drug-sensitive current can be facilitated by choosing more favourable experimental conditions, e.g. elevation of the external K + concentration to 40 mM increases the erg channel conductance (see below) and removal of extracellular Ca 2+ prevents recording of Ca 2+ -activated K + currents. In this way, Enzo Wanke and colleagues discovered the first neuronal erg current in Purkinje cells of the cerebellum (Sacco et al. 2003) . Since then erg currents have been characterized in a number of neurons ( Fig. 3 and Table 1 ). Table 1 . Physiological roles of erg channels are deduced from the effects of specific erg channel blockers (see Table 1 ). Aa, blocker-induced depolarization of the membrane potential and increase in firing frequency. b, activation of a G protein-coupled receptor (GPCR, e.g. mGluR1) results in a reduction of the neuronal erg current by shifting the voltage dependence of channel activation to more depolarized potentials and by reducing the maximal current amplitude. In the range of neuronal resting potentials, the erg conductance becomes vanishingly low, explaining the almost identical effects of a potent erg channel blocker and the GPCR ligand. The inset on the right shows schematic drawings of typical erg inward tail currents (elicited by the indicated pulse protocol) used to construct the erg channel activation curves. B, blocker-induced reduction of frequency accommodation. C, blocker-induced inhibition of high frequency firing due to accumulated Na + channel inactivation. VSN, vomeronasal sensory neuron. erg1 and erg3 channels are expressed throughout the brain, but both channels have also a distinct distribution. erg1 channels are strongly expressed in inhibitory neurons, e.g. in GABAergic Purkinje cells, neurons of the cerebellar deep nuclei and brainstem nuclei. erg3 channels are strongly expressed in the cerebral cortex, olfactory bulb and brainstem. In all of these brain areas, expression of erg1 and erg3 channels is overlapping, but it is especially strong in the reticular nucleus of the thalamus, which consists of GABAergic, i.e. inhibitory, neurons (Saganich et al. 2001) . At present, we do not know the functional implications of the predominant expression of erg1 subunits in inhibitory neurons. erg2 channels are expressed in the olfactory bulb; in other brain areas they are only weakly expressed (Shi et al. 1997; Saganich et al. 2001; Papa et al. 2003; Guasti et al. 2005) . Interestingly, erg channels are located in different neuronal compartments, i.e. in the soma, axon initial segment (Hardman & Forsythe, 2009) and dendrites . So far, the erg channel localization has not been correlated with special functions in the excitability properties of a particular neuron.
In many neurons where erg channels are expressed, they mediate a small persistent current near the resting potential (about −60 mV). This steady-state conductance stabilizes the resting potential and dampens excitability. In cerebellar Purkinje cells and mitral/tufted cells of the olfactory bulb, specific erg channel blockers depolarize the resting potential by a few millivolts (2-6 mV), thereby increasing the frequency of spontaneous activity (Fig. 3A ) (Sacco et al. 2003; Hirdes et al. 2009; Niculescu et al. 2013) .
erg currents contribute effectively to frequency adaptation. Figure 3B shows an example, in which a longer lasting depolarizing stimulus elicits a series of action potentials with increasingly longer interspike intervals. erg channel block strongly reduces accommodation. The ionic mechanism underlying accommodation is mainly due to the slow erg current increase upon application of the depolarizing current. In addition, each action potential slightly increases the number of available (open or inactivated) erg channels. During the interspike interval, erg channels might slowly deactivate, depending on the interspike potential and its duration. Thus, successive repeats of action potentials lead to erg current accumulation if the next action potential is generated before erg channel deactivation equals the amount of channel activation during the preceding action potential. erg current accumulation increases the threshold potential of the subsequent action potentials thereby steadily prolonging the interspike interval. This mechanism has first been described in neuroblastoma cells (Chiesa et al. 1997) . erg channel block decreases accommodation in brainstem auditory neurons (Hardman & Forsythe, 2009 ), vestibular neurons (Pessia et al. 2008) and Purkinje cells (Sacco et al. 2003) . In Purkinje cells, the influence on repetitive firing depends on the gating kinetics of the contributing erg current (Niculescu et al. 2013) . In young mice, the erg current has faster deactivation kinetics promoting current turning off between two action potentials. Therefore, it prolongs the interspike interval without inducing significant accommodation.
Since most neuronal action potentials have a short duration of a few milliseconds, erg currents do not significantly contribute to the shape of single action potentials due to their slow activation kinetics. In vomeronasal sensory neurons, however, action potentials are broad and of high amplitude allowing fast activated erg channels to contribute to repolarization (Hagendorf et al. 2009 ). Interestingly, in these sensory neurons, moderate to high sustained depolarizing current input activates sufficient erg conductance to limit the resulting depolarization of the membrane potential. This mechanism prevents a depolarization-induced block of action potential firing, which -in the absence of an erg current -would be induced by Na + channel inactivation ( Fig. 3C ; Hagendorf et al. 2009) . A similar role of erg channels in preventing a depolarization block during high excitatory input has been described in midbrain dopamine neurons (Ji et al. 2012) .
Thus, the diverse erg channel functions depend on the special electrical behaviour of a given cell as well as on the biophysical properties of the native erg channels, which can differ, for example, in activation and deactivation kinetics (Table 1) . Neuronal erg channels are probably heteromers where the gating characteristics depend on the contributing erg subunits. Nevertheless, attempts to correlate the set of erg1a, erg1b, erg2 and erg3 mRNA of an individual neuron (obtained with single cell RT-PCR) with its erg current profile were not successful (Hirdes et al. 2005 (Hirdes et al. , 2009 . Additional factors may be important such as differences in translation efficiency, in basal erg channel modulation or in the expression of accessory β-subunits (Pongs & Schwarz, 2010) .
erg current inhibition by activation of G protein-coupled receptors (GPCRs).
In hypophysial lactotrophs prolactin secretion is stimulated by thyrotropin-releasing hormone (TRH; Bauer et al. 1999) , which activates a G-protein-coupled receptor. An important part of the signal cascade leading to TRH-induced prolactin secretion is the inhibition of an endogenous erg current as has been discovered in a somato-mammotroph cell line (Bauer et al. 1990 ). This was the first description of a GPCR-dependent erg current reduction. The main TRH effects on erg channels comprise a reduction of the maximal current and a shift of the activation curve to more positive membrane potentials. In the same expression system, all three erg channels are effectively inhibited by activation of the endogenous TRH receptors, but the relative magnitude of the observed effects differs between the three erg channels (Schledermann et al. 2001) . This is also true for erg1 and its N-terminally truncated isoform erg1b (Kirchberger et al. 2006) , since the modulation of erg channel activation requires parts of the N-terminus (Alonso- Ron et al. 2009 ). Similar modulatory effects have been observed in neurons. Activation of mGluR1 by (S)-3,5-Dihydroxyphenylglycine (DHPG), a selective group 1 mGluR agonist, reduces the erg current amplitude and shifts the activation curve to more depolarized potentials in Purkinje cells (Niculescu et al. 2013) and mitral/tufted cells of the olfactory bulb (Hirdes et al. 2009 ). Similar to direct erg channel block, ligand-induced erg channel modulation can lead to increased excitability (Fig. 3A) . Thus, inhibition of an erg current by activation of GPCRs is an effective in vivo mechanism to alter neuronal excitability. Both, the mGluR1 and the TRH receptor mainly couple to G proteins of the G q/11 family, but activation of the typical phospholipase C signal cascade is not necessary for TRH to exert its effects on erg channels (Schledermann et al. 2001) . Instead, sets of βγ subunits binding to other heterotrimeric G-proteins (Miranda et al. 2005) or small GTPases (Storey et al. 2002) might be involved. Probably, more than one intracellular mechanism is able to mediate a given hormone or transmitter effect on erg channels. This could explain why signal cascades suggested in the literature strongly depend on the cellular preparation used for analysis. Modulatory effects on herg1 by various protein kinases, phosphatases and other signalling proteins are reviewed in Vandenberg et al. (2012) .
The impact of external K
+ concentration. The conductance of erg1 channels increases upon an increase in the external K (Shibasaki, 1987; Sanguinetti et al. 1995) . Shibasaki detected that the single channel conductance varied approximately with the square root of [K + ] o . This unusual K + dependence is shared by all three erg channels (Sturm et al. 2005) suggesting that the functional impact of neuronal erg channels also depends on [K + ] o . In fact, in mitral/tufted cells of the olfactory bulb, the erg block-induced depolarization of the resting potential and concomitant increase in electrical activity was more pronounced in (Hirdes et al. 2009 ). Substantial increases in [K + ] o can occur during high neuronal activity, and, for example, an increased erg conductance could affect the spreading of a focal epileptic seizure.
Neuronal eag currents. eag1 and eag2 channels are expressed in a number of brain regions (Ludwig et al. 2000; Saganich et al. 2001; Guasti et al. 2005 ). An especially strong overlap is found in neurons of the olfactory bulb and some layers of the cerebral cortex. eag1 channels are strongly expressed in granule cells of the cerebellum and part of the pyramidal cells of the hippocampus, and eag2 channels are expressed in various midbrain nuclei, such as the inferior colliculus and lateral lemniscus.
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Native eag currents have not been recorded so far. Nevertheless, it has been shown that eag1 channels are located in presynaptic terminals of cerebellar granule cells. Recordings from granule cells of eag1 KO mice and comparison with recordings from WT mice indicated that eag1 currents shape presynaptic action potentials thereby regulating Ca 2+ influx into the presynaptic terminals and influencing transmitter release (Mortensen et al. 2015) . The neurons from eag1 KO mice exhibit enhanced facilitation at the parallel fibre-Purkinje cell synapse during high-frequency activity.
Neuronal elk currents. The three elk channels exhibit an overlapping distribution in the brain with elk2 as the most abundant subunit (Zou et al. 2003) . elk2 (BEC1; Miyake et al. 1999 ) is predominantly expressed in the cerebral cortex, olfactory bulb, hippocampus and cerebellum (Saganich et al. 2001; Zou et al. 2003) . elk2 expression levels are low during embryonic development and strongly increase with neuronal maturation (Vezzali et al. 2016) . However, as compared with eag and erg channels, expression of elk channels is relatively weak in the rat brain where elk1 was not detected (Saganich et al. 2001) .
Native elk1 and elk3 currents have not been recorded so far, but elk2 currents have been described in astrocytoma cells (Becchetti et al. 2002) and detected in pyramidal cells of the cortex and hippocampus (Zhang et al. 2010) . In cultures from a human astrocytoma, elk2 currents were similar to their heterologous counterpart (Figs 1C and 2B) with a broad window current covering negative membrane potentials, and they activated and deactivated faster than erg1 currents recorded under similar conditions (Becchetti et al. 2002) . These properties suggest a significant role of elk2 in dampening excitability.
Lessons from EAG channel knock-out mice and human diseases.
eag channels. Mice deficient of eag1 channels exhibit increased spontaneous locomotor activity, but do not show a severe phenotype. They develop normally and are normal in tests investigating anxiety, learning, memory and sensorimotor abilities (Ufartes et al. 2013) . In contrast to these mild symptoms in eag1 knock-out mice, point mutations in the eag1 gene (KCNH1) cause severe human diseases, the Zimmermann-Laband syndrome (ZLS; Kortum et al. 2015) and the closely related Temple-Baraitser syndrome (TBS; Simons et al. 2015) . ZLS and TBS are characterized by developmental abnormalities leading to multiple dysmorphisms such as dysplasia or aplasia of nails and terminal phalanges, hypertrichosis and facial dysmorphism with gingival enlargement. The patients have intellectual disabilities and suffer from epileptic seizures. Interestingly, all characterized ZLS and TBS mutations in KCNH1 lead to a gain of function. Heterologously expressed mutant eag1 channels activate at considerably more negative membrane potentials as compared to wild-type channels, resulting in a large steady-state K + conductance at physiological K + equilibrium potentials. Also for KCNH5, the gene coding for eag2, a gain-of-function mutation has been identified in a child with severe epileptic seizures, encephalopathy, language delay and autistic features . Similar to the eag1 mutations, the eag2 R327H mutation located in S4 induces a dramatic shift of channel activation to more negative potentials (Yang et al. 2013) . Some of the dysmorphic features associated with eag1 mutations might be linked to a recently demonstrated role of eag1 in the resorption of the primary cilium which is involved in vertebrate embryonic development. Indeed, in mouse embryonic fibroblasts, expression of an eag1 channel mutant identified in a Zimmermann-Laband patient enhanced the effect of eag1 on ciliary resorption (Sánchez et al. 2016) . Patients with KCNH1 mutations can suffer from different seizure types (Mastrangelo et al. 2016) . The neuronal mechanism underlying the initiation of these seizures is not known. Typically, increased K + conductance inhibits electrical activity, but in some cases it can also support higher firing frequencies by removing Na + channel inactivation (see Fig. 3C ) or by activation of pacemaker HCN channels. The functional expression of eag1 in granule cell synapses on Purkinje cells (Mortensen et al. 2015) suggests that the dramatic effects of the eag1 mutations result in an inhibition of transmitter release and thus reduced excitation of Purkinje cells which might decrease the inhibitory output of the cerebellum. Examples of neuronal eag2 channel functions are so far not reported. Anyhow, the impaired performance of the nervous system induced by eag mutations can depend on both, the continuous eag channel dysfunction and a special role of eag channels during brain development with sustained effects on the neuronal network. Interestingly, human loss-of-function mutations of eag channels are not known, which might be due to a high tolerance to eag current inhibition as observed in the eag1 knock-out mouse.
erg channels. There are no reports on erg2 and erg3 knock-out mice, but mice completely depleted of all erg1 isoforms are reported to die early during development with defects in heart and brain. Heterozygous mice appear grossly normal, but are prone to cardiac arrhythmias (London et al. 1998; Lees-Miller et al. 2003) . Human loss-of-function mutations of erg1 underlie the long QT syndrome 2 (LQT2) which increases the risk of life-threatening cardiac arrhythmias. Although there are data about the association of LQT2 with the occurrence of epileptic seizures (Villa & Combi, 2016) , an erg1 channel dysfunction has not been observed to cause a distinct neurological disease. One explanation is that patients with an inherited LQT2 syndrome are normally heterozygous for the HERG mutation. In addition, the expression of more than one erg channel subtype in a given cell might serve for sufficient compensation. Nevertheless, by means of genome-wide association studies, KCNH2 (encoding erg1) was identified as a risk gene in schizophrenia (Huffaker et al. 2009; Atalar et al. 2010) , and herg1a mRNA was found to be decreased in the brain of patients with schizophrenia (Huffaker et al. 2009 ). In this context, a primate-specific isoform of KCNH2 (KCNH2-3.1) was detected which showed increased mRNA levels in the hippocampus of the patients. The N-terminal truncation of this splice variant results in altered channel kinetics (see above) and in a trafficking defect (Calcaterra et al. 2016) . Clearly, more data are required to establish a causal relationship of altered KCNH2 isoform expression and schizophrenia. So far, it is not known whether variations in KCNH6 (encoding erg2) associate with human diseases of the brain, but KCNH7 (encoding erg3) has been identified as a risk gene for different mood disorders (see e.g. Strauss et al. 2014) .
elk channels. Mice with a genetic deletion of elk2 showed neuronal hyperexcitability including frequent interictal spiking and spontaneous seizures, but they did not show any deficits in tests of motor coordination or learning and memory (Zhang et al. 2010) . In cultured hippocampal neurons of elk2 KO mice, the resting potential was depolarized, the firing threshold was reduced and the firing frequency was increased (Zhang et al. 2010) . These results strongly suggest that native elk2 currents effectively dampen excitability similar to the role of neuronal erg currents outlined in Fig. 3A . However, in another study it was shown that elk2 K + channels are involved in cognitive functions (Miyake et al. 2009 ). Mice deficient of elk2 channels performed better in tasks related to working memory, reference memory and attention than their WT litter mates. Enhanced performance was also observed in heterozygous mutants. Overexpression of elk2 channels in the forebrain caused an impairment of memory tasks (Miyake et al. 2009 ). It should be noted that in this study, elk2 KO mice exhibited neither seizures nor motor dysfunction. Recently, a new potent blocker of elk2 channels was found to enhance the performance of rats in different cognitive tests (Takahashi et al. 2017) . Nevertheless, the substance has not been tested on other EAG channels and it remains to be demonstrated whether its effect is due to selective elk2 channel block. Anyhow, an intensified use of high-throughput screening methods will help to identify substances with sufficient selectivity for different members of the EAG family in the near future. These substances will add new information on the diverse functions of EAG channels in the brain.
Conclusions
The present knowledge of EAG (ether-à-go-go; Kv10-Kv12) K + channels indicates that they are important modulators of neuronal excitability. EAG channels have structural features which distinguish them from classical Shaker-like Kv channels. The properties of the eight EAG channel subtypes have been investigated in heterologous expression systems and found to differ with respect to voltage dependence, voltage sensitivity and voltage-dependent inactivation giving rise to distinct K + current profiles. All EAG channels are expressed in the brain and their expression pattern is partially overlapping suggesting the formation of heteromeric channels, which further increases the spectrum of EAG currents. Channels mediating subthreshold currents are found in every EAG subfamily. Nevertheless, different sets of EAG channels can be present in one neuron. A possible explanation for this complexity is that EAG channels are active within different voltage ranges and can be modulated selectively by extra-and intracellular cues: eag channels are inhibited by an increase in [Ca 2+ ] i and PIP 2 , erg channels can be inhibited by activation of GPCRs and their conductance is increased in elevated [K + ] o , and the activity of elk channels is altered by changes in the extracellular pH.
So far, only erg currents have been recorded in neurons, since selective blockers are needed to isolate the specific currents from other native ionic currents. Neuronal erg currents can contribute to the maintenance of the resting potential, increase the threshold potential and induce accommodation during repetitive activity. Beside these more classical roles of K + channels, they can also support high frequency action potential firing by preventing a depolarization block. An important impact of eag and elk currents on neuronal excitability can be deduced from experiments on eag1 and elk2 KO mice and from human eag1 and eag2 gain-of-function mutations, which underlie syndromes associated with epileptic seizures. The future identification of selective eag and elk channel blockers will certainly help to further improve our understanding of the role of EAG channels in the physiology and pathophysiology of the brain. 
